Minimal information exists on the use of geographic information systems mapping for visualizing access barriers to eye care for patients with diabetes.
D iabetic retinopathy (DR) is the most common microvascular complication of diabetes 1 and is the leading cause of new cases of blindness among working-age American individuals. 2 By 2050, the prevalence of DR in patients with type 1 and type 2 diabetes 40 and older is projected to increase to 16.0 million (from 5.5 million in 2005), and the prevalence of vision-threatening DR is projected to increase to 3.4 million (from 1.2 million in 2005). 3 North Carolina has been identified as one of the nation's top 10 "diabetes hot spots," where the burden of diabetes will be greatest in the next 10 years. By 2025, the number of people with diabetes in North Carolina is projected to increase to almost 1.9 million, at a cost to the state of $17.9 billion. 4 In 2012, the prevalence of diabetes among North Carolinian individuals was 10.4%, 5 which was higher than the national mean of 9.3%. 6 Patients with early stages of DR are often asymptomatic at the time laser treatment or intravitreal antivascular endothelial growth factor injections should be given, making early detection and timely referral to an ophthalmologist imperative to preventing vision loss. However, in our current eye care paradigm, less than 50% [7] [8] [9] [10] of patients with diabetes meet screening guidelines [11] [12] [13] recommending annual retinal examinations by an ophthalmologist. Health care access barriers resulting from socioeconomic, geographic, transportation, education, language, and cultural challenges compromise the quality and effectiveness of DR treatment, thus placing patients with diabetes at unnecessary risk for this blinding disease. The North Carolina Diabetic Retinopathy Telemedicine Network (NCDRTN) is an innovative screening program developed to address the growing burden of DR in the state. This program aims to reduce eye care access barriers and improve DR evaluation by using the emerging strategy of telemedicine to bring retinal examinations to the point of care of the primary care professional (PCP Studies have demonstrated the effectiveness of telemedicine in reaching underserved populations in remote and rural areas as well as urban settings across the United States. [14] [15] [16] [17] [18] [19] [20] Although geographic and transportation challenges have been cited as reasons for access barriers to eye care, visual data analyses of such barriers are scant. The purpose of this study is to use geographic information systems (GIS) mapping techniques to visualize the location of patients participating in the NCDRTN relative to our program sites and to ophthalmologists and PCPs across the state. Understanding and visualizing patient and physician location data may allow for better identification of areas of need, where access barriers may be preventing patients with diabetes from receiving proper eye care. To improve access to retinal screening for these patients, GIS maps provide the information needed to support building telemedicine programs in the primary care setting. Such mapping may also help to inform future expansion of retinal telescreening programs.
Methods
This project was approved by the University of North Carolina institutional review board. Patients provided oral informed consent at the time of recruitment.
Data Collection
Patient zip code data were collected along with medical and socioeconomic data at the time of retinal imaging in the PCP's office. A total of 1787 patients with either type 1 or type 2 diabetes were included in the data set, with 361 (20.2%) having any level of DR and 1426 (79.8%) having no DR in either eye. For the purposes of this study, only patients with DR were mapped because they may require further ophthalmologic care or more frequent follow-up within the NCDRTN. Medical practice zip code data for licensed, active ophthalmologists and PCPs were obtained directly from the North Carolina Medical Board (Raleigh, North Carolina). Of a total of 36 189 active physicians registered with the North Carolina Medical Board as of December 2015, 571 ophthalmologists and 7168 PCPs were included in this study. For purposes of this analysis, PCPs were defined as physicians with an active North Carolina medical license who self-classified in the following primary areas: internal medicine, family medicine, endocrinology, geriatric medicine, adolescent medicine, pediatrics, pediatric endocrinology, general practice, general preventive medicine, and public health and general. Similarly, ophthalmologists were defined as physicians with an active North Carolina medical license who self-classified their primary area of practice within ophthalmology.
Data Aggregation
All maps were generated in ArcGIS software, version 10.2.1 (Esri). To protect patient privacy, precise locations were
Key Points
Question Is geographic information systems mapping a useful technique for visualizing access barriers to eye care for patients with diabetes?
Findings In this cross-sectional study, maps illustrated density of patients with diabetes and their distribution around 5 clinics by zip code, density of ophthalmologists and primary care clinicians by zip code relative to US Census Urban Areas, and a travel time map showing areas reached by car in a user-specified amount of time. Patient access to primary care clinicians and ophthalmologists was influenced by the geography and road networks that connect them.
Meaning Geographic information systems mapping may be useful for visualizing access barriers to eye care for patients with diabetes. obscured and discrete points for patients and physicians (ie, ophthalmologists and PCPs) were aggregated to a coarser unit of geography via the use of associated zip code data. This also allowed for easier interpretation of the maps.
Patients and physicians were separately aggregated to their corresponding zip codes to derive counts. To facilitate a wider variety of visualization options, both patients and physicians were aggregated to zip code centroids.
Tabular patient and physician data sets were summarized to derive a count of the number of occurrences of each 5-digit zip code where a patient lives or a physician works. Frequencies of the 5-digit zip codes for each table were calculated using Pivot Tables in Excel. Patients who had some level of DR diagnosed in either eye were used to calculate zip code frequency because these patients would require the most stringent follow-up or referral to an ophthalmologist. The inverse of this selection was also made (ie, patients with no DR diagnosis), and zip code frequency was calculated. Zip code frequencies were also calculated for the appropriate physicians.
Creation of Density Maps
Frequency tables were joined to zip code Shapefiles, a common format for spatial data within GIS, to allow for displaying density of patients or physicians at the zip code level. To join the data, tabular joins were done in ArcMap: patient zip code frequency tables were joined to a Shapefile of zip code polygons and a Shapefile of zip code points, using the zip code field as a common ID. This same process was carried out for PCPs and ophthalmologists.
Once joined, new files for the joins listed previously were created, resulting in zip code point and polygon files showing the number of patients and physicians within each zip code. These count data were used to display the zip codes in 3 different density maps: 
Creation of Travel Time Map
The travel time map was created in ArcMap using tools in the Network Analysis toolbox, which bases calculations on density and type of surface roads (ie, number of lanes and speed limit) and travel rules (ie, 1-way restrictions and limited access roads). "Service areas," or polygons representing all of the areas that can be reached by car in a user-specified amount of time by traversing the real-world road network, were created around each of the 5 NCDRTN primary care clinics. Three different service areas were created: 20 minutes, 40 minutes, and 60 minutes.
Results Figure 1 illustrates the density of patients with diabetes and their distribution around the 5 NCDRTN sites by zip code. The Greenville clinic site had the widest distribution of darkly shaded zip codes, suggesting that more patients traveled from outlying areas in the eastern part of the state to seek medical care at this facility. Twelve percent of patient zip codes around the Greenville site (5 patient zip codes within an urban area of 43 total zip codes) overlapped with the urban boundaries of the city; these zip codes accounted for 67% of patients visiting this site (285 patients within an urban area of 427 patients enrolled at Greenville site), and patients traveled a mean of 21 miles from rural areas to this clinic. The Greensboro, Asheville, and Fayetteville sites had a more concentrated distribution of zip codes, with most patients deriving from areas closer to the clinic sites and a comparatively smaller number of patients traveling from farther away. Sixty-six percent of patient zip codes around the Asheville site (23 patient zip codes within an urban area of 35 total zip codes), 50% around Fayetteville (13 patient zip codes within an urban area of 26 total zip codes), and 69% around Greensboro overlapped with the urban boundaries of these cities (25 patient zip codes within an urban area of 36 total zip codes); these zip codes accounted for 92% of patients visiting the Asheville site (284 patients within an urban area of 308 total patients), 92% visiting Fayetteville (336 patients within an urban area of 365 total patients), and 96% visiting Greensboro (594 patients within an urban area of 619 total patients). Patients going to Asheville, Fayetteville, or Greensboro traveled mean shorter distances of 15.7 miles, 10.8 miles, or 9.74 miles, respectively. Figures 2 and 3 demonstrate the density of licensed PCPs and ophthalmologists throughout the state, respectively. It is apparent from these maps that PCPs are found in greater numbers and are distributed more widely in both rural and urban areas across the state, whereas ophthalmologists are fewer in number and distributed mainly within urban centers. The state's 7168 PCPs are found in 63% of all zip codes (468 zip codes with at least 1 PCP of 743 total zip codes). Of these, 80% of PCPs are in urban zip codes (374 urban zip codes with at least one PCP of 468 zip codes with at least one PCP). The state's 571 ophthalmologists are found in only 17% of zip codes (126 zip codes with at least 1 ophthalmologist of 743 total zip codes), with 98% of ophthalmologists in urban zip codes (123 urban zip codes with at least 1 ophthalmologist of 126 zip codes with at least 1 ophthalmologist).
The density of these physicians has been plotted by zip code relative to US Census Urban Areas containing at least 50 000 people (shown in green in Figures 2 and 3) . Given that each black dot in Figure 2 represents 3 PCPs, this map demonstrates that PCPs make up one-fifth of all physicians in the state (7168 PCPs of 36 189 total physicians). The Census Urban Areas provide a visual reference point to highlight the differences in distribution of PCPs and ophthalmologists. For example, 83% of urban zip codes vs 32% of rural zip codes have at least 1 PCP (374 zip codes with a PCP in urban areas of 451 total urban zip codes vs 94 zip codes with a PCP in rural areas of 292 total rural zip codes). In contrast, 27% of urban zip codes (123 urban zip codes with an ophthalmologist of 451 total urban zip codes) vs 1% of rural zip codes have at least 1 ophthalmologist (3 rural zip codes with an ophthalmologist of 292 total rural zip codes). Uncertainty around the preceding estimates is difficult to quantify because this GIS-mapping technique assumes patients and physicians are located at the center of their zip codes, when in actuality, they may live or work anywhere within the entire combination of rural and urban areas that their zip codes encompass.
The travel time map allows for visualization of potential access barriers patients may face as a result of the number and type of surface roads available in their geographic area. As shown in Figure 4 , the 20-minute service area represents all areas that can be reached within 20 minutes of travel time. The 40-minute service area represents all areas that can be reached within 40 minutes of travel time; this area is displayed as a ring around the 20-minute area, thus representing areas that can be reached in 20 to 40 minutes of driving, and similarly for the 60-minute service area. Of note, we performed an analysis of the city public transit systems in each of these areas and found that they were limited, so we did not graphically include these data in Figure 4 . However, the existing city public transit system in North Carolina falls well within the 20-minute travel areas. Therefore, travel times by private automobile vs city transit are likely to be fairly similar. Notably, public transit service only exists around our clinic sites in areas that are characterized by a dense network of surface roads. The city of Greensboro has an extensive network of interstate roads passing through or around the city, which better connects patients with the more developed and resourcerich metropolitan areas of the North Carolina Piedmont region. The metropolitan areas of the Triad (Greensboro, Winston-Salem, and High Point) and the Triangle (Chapel Hill, Durham, and Raleigh) contain a number of well-known health care facilities and hospital centers that offer patients in the Greensboro area ample opportunities for seeking quality care. In contrast, Greenville and Fayetteville are smaller cities with larger surrounding rural areas. They contain a sparser network of small roads with lower travel speeds that limits patient access to the few health care facilities in these 2 regions. Those living in the greater Asheville area face an additional and unique access barrier because they must contend with mountainous terrain to travel to the urban portions of Asheville. Because patients here must use small mountain roads with low travel speeds to access health care facilities within the city of Asheville, their perceived distance to health clinics may be inflated when compared with patients who can easily access interstate roads for quicker travel. Figure 4 thus illustrates how travel time along road networks may influence uptake of health care services. This map shows that the spread of travel activity is influenced by how easily people can travel along interstate corridors, which effectively extend the distance that a person is able to travel in a given amount of time.
Discussion
In this study, we have demonstrated that GIS mapping is a useful technique for visualizing geographic access barriers to eye care for patients with diabetes. By mapping the statewide distribution of health care professionals serving the primary care needs of patients with diabetes alongside ophthalmologists in North Carolina relative to the zip codes from which patients travel to reach our 5 NCDRTN sites, we have shown that patient accessibility to these physicians is influenced by the geography and road networks that connect them. This knowledge will help inform the future expansion of the NCDRTN program as we are able to identify opportunities for strategic collaborations between PCPs and ophthalmologists across the state.
To date, there has been minimal published literature on the use of GIS mapping for evaluating geographic access barriers, such as distance and travel time, to health care facilities in the United States. A few studies have used spatial analysis to determine how distance to hospitals and specialist care affects timely health care delivery, [21] [22] [23] [24] [25] and at least 2 studies 26, 27 have used spatial analysis to identify areas of high diabetes prevalence so public health programs can be targeted to places where patient uptake of preventive care services is more likely. 26, 27 Because diabetes prevalence is projected to increase from 25 million to a staggering 125 million Americans by 2050, 28 the number of patients with diabetes requiring annual retinal screening will far exceed the capacity of eye care clinicians who as of 2017 see less than half of patients with diabetes needing DR evaluation. Coupled with an aging population, various access barriers to care, and growing shortages of PCPs nationwide, 29 the paradigm for diabetic eye care will not be able to meet patients' needs without using innovative strategies for health care delivery. Our study shows that telemedicine holds great potential for reducing travel times and geographic barriers to care by allowing physicians to connect over large distances with patients in some of the most rural and underserved areas. However, large-scale and cost-effective implementation of sustainable telemedicine systems will require strategic allocation of health care resources. Geographic information systems mapping is a helpful tool for informing the scaleup of such systems because areas can easily be identified where investments in telemedicine programs would be most worthwhile. By using publicly available census data, other demographic variables, and socioeconomic determinants of health in conjunction with patient medical records, this type of data visualization can help inform strategic planning for the expansion of broader public health care services.
A major strength of our study is that it includes patient data from an innovative eye screening program spanning 5 different primary care clinics across a geographically diverse state. These clinics provide health care to patients in both rural and urban areas across the mountains, piedmont, and coastal regions of North Carolina. Given the variety of geographic areas included in this study, the number and quality of road networks in these areas also play an important role in the access barriers that patients face to receiving quality health care.
Limitations
The findings of this study should be interpreted in the context of the following limitations. Although our study included a total of 1787 patients with diabetes, only 361 (20.2%) had any level of DR. Given the small sample size of patients with disease, we were not able to visualize whether those facing more geographic barriers to health care also experience higher rates of DR. Additionally, to protect patient privacy, we used coarse, 5-digit zip code-level data to map to zip code centroids. More detailed 9-digit zip code-level data and individual address information may have provided more accurate visualization of the exact distance patients are traveling to reach our primary care clinics. Also, some patients may access health care via public transportation; however, much of North Carolina still lacks a robust public transit infrastructure, so we limited our study to automobile transit only. While optometrists also refer patients to ophthalmologists, we did not include them in the definition of PCPs because medical primary care clinicians (ie, MD and DO physicians, physician's assistants, and nurse practitioners) are the first line in primary diabetes prevention and play a much larger role in prevention, management, and treatment of diabetes and its complications.
Future research considerations might include studying larger sample sizes of patients with diabetes to assess the strength of the correlation between the quality of road networks, geography, socioeconomic determinants of health, and access barriers to health care. Public transportation data from areas with robust transit infrastructures would also allow for a more complete understanding of access barriers.
